Analysis of data on micro-and nano-inclusions in mantle-derived and metamorphic diamonds shows that, to a first approximation, diamond-forming medium can be considered as a specific ultrapotassic, carbonate/chloride/silicate/water fluid. In the present work, the processes and mechanisms of diamond crystallization were experimentally studied at 7.5 GPa, within the temperature range of 1,400 -1,800°C, with different compositions of melts and fluids in the KCl/K 2CO3/H2O/C system. It has been established that, at constant pressure, temperature, and run duration, the mechanisms of diamond nucleation, degree of graphite-to-diamond transformation, and formation of metastable graphite are governed chiefly by the composition of the fluids and melts. The experimental data suggest that the evolution of the composition of deep-seated ultrapotassic fluids/melts is a crucial factor of diamond formation in mantle and ultrahigh-pressure metamorphic processes.
n important stage in solving problems of diamond genesis is constructing a clear physical model of diamond formation (1) . One of the key parameters to be modeled is the composition of the diamond crystallization medium, with a fluid being largely considered as a crucial agent in diamond formation. It is generally agreed that the mantle media of diamond crystallization were volatile-saturated melts or fluids (1) (2) (3) (4) (5) (6) (7) . Carbonbearing fluids and carbonates could be sources of carbon, and the medium could have been saturated with it by redox reactions. Recent studies have been aimed at searching and examining fluid and fluid-containing inclusions in genetically different diamonds. Also, experiments have been performed to model the processes of diamond crystallization in the media compositionally corresponding to the inclusions. It is the combination of these two approaches that permits us to gain deeper insight into diamond genesis and to better understand the specific character of processes of deep-seated mineral formation.
Studies of mineral inclusions in diamonds have determined the main types of diamondiferous parageneses: ultramaffic, eclogitic (4, 8, 9) , and intermediate websterite (10) and calc-silicate types (11) . Some mineral inclusions, e.g., intergrowths of phlogopite with pyroxene (8, 12, 13) and phlogopite with calcite (14) , are unambiguously evidence that K and H 2 O were present in the diamond-forming medium. It is pertinent to note that, as early as 30 years ago, neutron activation analysis of diamonds without visible inclusions, taken from three South African deposits, revealed a mixture of mostly K and of other components, which was interpreted as evidence of the presence of entrapped melt (15) . Principally, more recent information has accrued from micro-and nano-inclusions in mantle-derived and metamorphic diamonds. Analysis of the composition of the inclusions in fibrous or cloudy mantle diamonds shows that, at the time of entrapment, the inclusion matter was a specific fluid whose composition belongs to one of the three main types: (i) a hydrous-silicic end-member that is rich in water, Si, Al, and K; (ii) a carbonatitic end-member that is rich in carbonate, Mg, Ca, Fe, K, and Na; and (iii) a brine (hydrous-saline end-member that is rich in Cl, K, and Na) (16) (17) (18) (19) (20) (21) (22) (23) . Despite wide compositional variations, all inclusions are enriched in K (24) . Infrared spectroscopy applied to diamonds with such inclusions has revealed H 2 O and carbonates (16, 25) , suggesting that the diamond crystallization medium was a supercritical fluid or melt (17, 26) .
The discovery of microdiamonds in garnets and zircons from metamorphic rocks of the Kokchetav Massif (3) and subsequently in other ultrahigh-pressure (UHP) metamorphic terranes (27) (28) (29) (30) (31) (32) is taken as evidence that the crustal rocks were subducted to considerable depths. FTIR microspectroscopy has revealed fluid inclusions in metamorphic diamonds (33) ; bulk chemical analyses of the Kokchetav microdiamonds demonstrated high contents of K and Cl (34) . New results of studies of micro-and nano-inclusions in diamonds from UHP terranes (35) (36) (37) have indicated that the composition of diamondiferous water-bearing fluids was also ultrapotassic, with variations in carbonate, brine, and silicate components. The experiments in which the Kokchetav metamorphic rocks were used as the crystallization medium corroborated the governing role of the water-bearing fluid or melt in the process of the formation of UHP metamorphic diamonds (38, 39) .
A specific role of alkalies in deep-seated parageneses was noted long ago (8) . Mica and amphibole, appropriate to mantle compositions, are stable up to 6 GPa (40). However, primary amphibole inclusions have not yet been detected in kimberlitic diamonds. Clinopyroxene may be the fundamental solid host for K in most of the upper mantle and should be a good monitor of high K activity in the mantle (41) . The first reports of K-rich pyroxenes in diamonds (8) supported the contention that their crystallization media were ultrapotassic melts/fluids (41) . K-rich pyroxenes might form on the liquidus of a silicate magma mixed or coexisting with K-rich brine (42) . Recent attention to chlorides is also due to new evidence of their participation in metasomatic processes in the mantle (43) (44) (45) (46) and deep zones of the crust (47) . Speculation of the possible nature of Cl in the mantle has also been recently reviewed (48) .
Analysis of microinclusions has supplied the data from which the composition of the diamond-forming medium can be roughly considered as ultrapotassic carbonate/chloride/silicate/water. The review of data on experimental modeling of diamond formation (49) shows that the available experimental data are still too scarce to estimate the role of fluids of different composition in the processes of diamond formation. The few previous experiments on diamond crystallization in halide melts or halide-bearing systems are rather contradictory. Wang and Kanda (50) were the first to carry out studies on growth of diamond by using melts of alkaline halides at 6 GPa and 1,400-1,620°C for 5 h. They established that no diamond nucle- ation occurred under these conditions, although diamond layers grown on seeds were very small, only Ϸ1 m thick. A more considerable growth was observed in the K 2 CO 3 /KCl/C system, with the temperature range of 1,050-1,260°C at 7-7.7 GPa in 60-min experiments (51) . Spontaneous crystallization of diamond in the KCl/C system at 7-8 GPa and 1,500-1,700°C in experiments lasting 10 s to 40-60 min was reported in ref. 52 . To our knowledge, there are no experimental data on diamond crystallization in water-containing chloride or chloridecarbonate systems. The present study is aimed at establishing the mechanisms and regularities of diamond crystallization with reference to the composition of ultrapotassic melts and fluids † in the system KCl/K 2 CO 3 /H 2 O/C at the mantle pressures and temperatures.
Results
The results of the experiments performed with different starting mixtures are summarized in Table 1 . Diamond growth on seeds was observed with the first series of experiments, in 10-and 15-h-long experiments with the use of KCl at 1,800°C and 7.5 GPa, whereas spontaneous crystallization of octahedral diamonds was established only in the 20-h experiment. Diamond crystallized from carbon solution in a KCl melt. At 1,600°C, no melting was established in the KCl/C system, which agrees with ref. 50 . However, some diamond growth on seeds took place, and we believe that this was due to the presence of microquantities of a fluid phase formed as a result of atmospheric gases adsorbed on the initial reagents (53) .
There is no difference in the intensity and character of diamond crystallization in the K 2 CO 3 versus carbonate-chloride melts, with 25 and 50 wt % KCl at 1,600°C, and with the degree of graphite-to-diamond transformation equal to 100%. When a chloride-carbonate melt (80% KCl and 20% K 2 CO 3 ) was used, KCl crystallized on the bottom of the ampoule, and a carbonatechloride melt with the components proportion of Ϸ1:1 was in contact with graphite. Experiments at 1,550 and then 1,500°C led to a drastic decrease in the degree of graphite-to-diamond transformation (␣), indicating that carbonate melt is more effective as a diamond-forming medium than carbonate-chloride melt (Fig. 1a) . At 1,400°C in experiments with K 2 CO 3 and K 2 CO 3 ϩ KCl (30/70), no diamond nucleation occurred for 15 h; in both cases, slight growth of diamond and metastable graphite was observed on diamond seeds.
In this series of experiments, diamond crystallized by film growth (FG) and temperature-gradient growth (TGG) mechanisms. In the first case, the driving force for the crystallization was a difference in solubility of graphite and diamond in the melt, with constant P,t (pressure and temperature). In the second case, diamond crystallization was driven by the difference in solubility of carbon at the different temperatures within the thermal gradient field. During the FG crystallization, diamond nucleation occurred at the graphite-melt boundary, whereas in the TGG process, growth took place either on walls of the Pt ampoule in the low-temperature zone (heterogeneous nucleation) or directly in the melt (homogeneous nucleation). The FG and TGG mechanisms were first described in ref. 54 for metal-carbon systems. Subsequently, it was established that these mechanisms are also typical of diamond crystallization in nonmetal melts, e.g., of carbonates (55), carbonate with silicates (56), sulfur (57) , and sulfides (58) . In dry melts of the KCl/ K 2 CO 3 /C system, diamonds crystallized mainly by the FG mechanism, and only few diamonds (Ͻ1%) crystallized by TGG. The degree of graphite-to-diamond transformation (␣) as a function of temperature is presented in Fig. 1a . It demonstrates two distinct trends: (i) a decrease in temperature in the range of 1,600-1,400°C leads to a drastic drop in ␣ from 100% to zero; and (ii) an addition of KCl to K 2 CO 3 results in a decrease in intensity of diamond formation. The latter was most clearly demonstrated in experiment 1053A,B at 1,500°C; the number of diamond crystallization centers at the graphite-K 2 CO 3 melt interface was 7 mm Ϫ2 , and in the case of the melt KCl:K 2 CO 3 (50:50), it was 3 mm Ϫ2 . In the whole range of compositions, FG crystallization of diamond can be considered homogeneous, because diamonds nucleated in the melt.
Diamond crystallization in the system K 2 CO 3 /H 2 O/CO 2 /C was studied earlier at 5.7 GPa and 1,150-1,420°C with relatively low concentrations of water (59, 60) . However, to make a correct comparison of different compositions in the system KCl/K 2 CO 3 / H 2 O/C at equal P,t, and run duration (), we performed additional experiments. At 1,600°C, addition of water to K 2 CO 3 principally changes the mechanism of diamond nucleation. In pure K 2 CO 3 , mainly an FG mechanism operates (run 559/2) with ␣ ϭ ␣ FG ϩ ␣ TGG ϭ 100%, with ␣ FG Ͼ 99% and ␣ TGG Ͻ 1%. Addition of water completely terminates FG (␣ FG ϭ 0), leaving only TGG acting, with ␣ ϭ ␣ TGG being very low (run 1060B). Further increase in H 2 O content results in an abrupt increase in ␣ (Fig. 1b) . With a temperature decrease to 1,500°C, the degree of graphite-to-diamond transformation decreases, and the amount of metastable graphite increases (Fig. 1b) . With an increase in water content, the heterogeneous diamond nucleation is supplemented by the homogeneous process in the essentially aqueous fluid. Remarkably, in dry K 2 CO 3 and K 2 CO 3 /KCl melts, diamond crystallizes in the form of cubooctahedra (Fig. 2a) by both FG and TGG, and the addition of water results in the growth of octahedra.
In the system KCl/H 2 O/C at 7.5 GPa and 1,600°C, with 17 and 32 wt % H 2 O, spontaneous diamond crystals formed by TGG, and significant amounts of large (up to 1.5 mm) crystals of metastable graphite were found. With a further increase in H 2 O content, to 66 and 69 wt %, the graphite-to-diamond transformation reached 100%, with no metastable graphite formed. In pure water, the mechanism of diamond nucleation was the same, but not all graphite was transformed into diamond (␣ ϭ 95%). It should be noted that data on diamond formation in the system H 2 O/C are in agreement with previous studies (61) (62) (63) (64) . A decrease in temperature to 1,500°C resulted in a decrease in the rate of diamond † Under conditions of complete miscibility between water-containing melts and aqueous fluids, we will conventionally refer to water-poor and water-rich compositions as melts and fluids, respectively. formation, but the general trend of behavior of ␣ as a function of composition remained the same (Fig. 1c ). With 19 wt % H 2 O added to KCl, no diamond nucleation was observed, and only metastable graphite was present in the capsule. An increase in water content in the KCl/H 2 O system led first to heterogeneous nucleation of diamond and gradual growth of ␣ (Fig. 1c) ; then, homogeneous nucleation was observed in the essentially aqueous fluid. In general, at similar concentrations of H 2 O, carbonate melts/fluids are characterized by higher values of ␣ than the chloride melts/fluids. In all experiments with water/chloride compositions and in pure water, diamonds crystallized exclusively in the form of octahedra (Fig. 2b) .
Three control experiments with starting compositions corresponding to the points inside the KCl/K 2 CO 3 /H 2 O triangle were performed at 1,500°C (Table 1) . In all these experiments, heterogeneous spontaneous nucleation of diamond and formation of metastable graphite were established. The degree of graphite-to-diamond transformation (␣) depended significantly on the medium composition. The minimal value of ␣ Ͻ 1 was established at 23.5% H 2 O and an approximately equal ratio of KCl/K 2 CO 3 . In run 1086, the composition in capsules A and B differed in the KCl/K 2 CO 3 ratio (1:2 and 2:1, respectively) having the same H 2 O content (Ϸ40%). The degree of graphite-todiamond transformation differed markedly, with ␣ A ϭ 5% and ␣ B ϭ 2%. Taken as whole, the results of the control experiments are in good agreement with the data for binary compositions. Fig. 3 summarizes the main regularities of crystallization of diamond and metastable graphite in the system KCl/K 2 CO 3 / H 2 O/C at temperatures of 1,600 and 1,500°C. Therein, regions of homogeneous and heterogeneous diamond nucleation and zones of no nucleation are marked. The variation of the degree of graphite-to-diamond transformation (␣) at constant P ϭ 7.5 GPa, t ϭ 1,500°C, and ϭ 15 h, depicted on the composition ternary diagram, is shown in Fig. 4 .
Discussion and Conclusions
Analysis of the experimental data permits establishing the following main regularities of diamond crystallization in the KCl/K 2 CO 3 /H 2 O/C system. (61), one can infer that the morphology of diamonds crystallized in melts of K 2 CO 3 and K 2 CO 3 ϩ KCl tends to change from octahedral to cubo-octahedral as P,t parameters move away from the line of graphite-diamond equilibrium. 4. The appearance of metastable graphite in the field of thermodynamic stability of diamond in the system of the present study depends on the temperature and composition of the crystallization medium. At 7.5 GPa, a decrease in tempera- ture leads to the appearance of metastable graphite in all subsystems. At constant temperature, the intensity of formation of metastable graphite changes substantially depending on the composition of crystallization medium in the succes-
The established sequences in crystallization of diamond and metastable graphite in the KCl/K 2 CO 3 /H 2 O/C system, have been used to: (i) model the composition of mantle-derived ultrapotassic fluid; and (ii) prove the drastic changes in the intensity of diamond formation, depending on the composition of crystallization medium and temperature, which implies a considerable change in carbon solubility. As applied to natural diamond formation processes, the FG mechanism should act similarly to the experiments, being restricted by the conditions of existence of dry melt and graphite as a source of carbon. The TGG mechanism observed in experiments is not possible in nature, because such temperature gradients are impossible. However, it is possible that similar TGG may occur, in which the driving force of diamond crystallization is a change of supersaturation caused by temperature drop, change of fluid composition, and/or redox reactions. It is hardly possible to suppose that, in the mantle and with UHP metamorphic processes, temperature could drastically change and, moreover, that temperature gradients could be great enough to provide diamond nucleation. It is typically assumed that elemental carbon is released during redox processes (2, 3, 65, 66) . Experimentally, this possibility was demonstrated in reactions involving carbonates (67) (68) (69) (70) (71) . The results of the present study show that the driving force for precipitating elemental carbon could be a change in concentrations of main components of chloride/carbonate/water fluid. The change in mechanisms of diamond crystallization and the drastic dependence of the processes of diamond formation on composition, as determined by the present study, suggest that the evolution of fluid composition is the main important factor responsible for spontaneous diamond nucleation at constant pressure and temperature.
The impact of the evolution of fluid composition is exemplified by diamond formation in UHP metamorphic rocks of the Kokchetav complex, as well as in mantle-derived kimberlitic diamonds. Inclusions of K-and P-rich silicate glass in diamonds from biotite gneisses and inclusions of high-K C/O/H fluid in diamonds from dolomitic marbles were identified (36, 37) . A high density of diamond nucleation centers and morphological features are evidence for high supersaturation in the crystallization medium. Because the model of quickly changing temperature or pressure is not appropriate for UHP complexes, the driving force of diamond crystallization can be the change of chemical composition of medium.
Geochemical features of diamondiferous metamorphic rocks indicate that they experience partial melting (72, 73) . The proof is the occurrence of melt inclusions in diamonds from gneisses (37) , as well as globules of complex composition in garnets of dolomitic marbles (74) . The presence of K-bearing pyroxenes, as well as lamellae of phengite and potassium feldspar in garnetpyroxene rocks and dolomitic marbles indicate that, at the peak of metamorphism, these rocks were in equilibrium with high-K fluids. Being in equilibrium with dolomitic marbles, the fluid had essentially water/carbonate composition, and in equilibrium with gneisses, the fluid had essentially water/silicate composition. Subducted crustal rocks were the possible source of high-K fluids participating in diamond formation (75) . The fact that at present these rocks are depleted in potassium may be explained by the removal of high-K fluids at one of the stages in the metamorphic evolution of rocks.
Because compositions of diamond-forming fluids in metamorphic and kimberlite diamonds are supposedly similar (36, 37, (18) (19) (20) , one may assume that the model of the evolution of the fluid composition as the driving force of diamond crystallization may have broader implications. One of the evidences of possible variations of the composition of fluid in kimberlite diamonds may be the wide range of K contents in pyroxenes entrapped during diamond growth (8, 13, (76) (77) (78) . Other direct evidences of significant variations of fluid composition during diamond crystal growth are presented in refs. 19 and 79.
The composition of melts/fluids in a deep process significantly depends on various factors. If, at the time of melting of rocks, the pressure was below the second critical point (2 cP), the near-solidus liquid was carbonatitic, and any coexisting fluid was aqueous. At P Ͼ P2 cP, as melting degree increased, the fluid/melt composition should continuously vary between end-members, from aqueous through carbonatitic to carbonate/silicate liquids (6). Recent experimental studies (6, 80) show that such change of the fluid/melt composition took place in systems with compositions corresponding to mantle rocks. This process might have initiated spontaneous crystallization of diamond. The change of fluid composition (e.g., enrichment in carbonates or chlorides) might cause the cocrystallization of diamond and metastable graphite, leading to the formation of diamonds with graphite inclusions and graphite-coated diamonds. Some morphological features of diamonds also could be due to changes in composition of the crystallization medium. For example, the evolution of composition from carbonate/chloride melt to aqueous fluid could change the stable growth form of diamond from cubo-octahedral to octahedral, with the formation of a regeneration of morphology.
With this study, it has been established experimentally that diamond nucleation mechanisms, as well as the intensity of crystallization of diamond and metastable graphite, depend essentially on the composition of fluids and melts in the system KCl/K 2 CO 3 /H 2 O/C at constant pressure and temperature. This observation permits us to fortify the concept of the evolution in the composition of mantle-derived ultrapotassic fluids/melts as one of the main factors governing the nucleation and growth of diamond, as well as the formation of metastable graphite in the mantle and UHP metamorphic processes.
Methods
Experiments were carried out by using a Multianvil, highpressure apparatus of a ''split-sphere'' type (81) . A high-pressure cell in the form of tetragonal prism, 19 ϫ 19 ϫ 22 mm in size, is shown in Fig. 5 . The temperature was measured in each experiment by using a PtRh30/PtRh6 thermocouple. Details on the pressure and temperature calibration and accuracy of the measurements are given in ref. 61 . The starting materials were a graphite disk (99.99% purity), K 2 CO 3 , KCl of purity not Ͻ99.9%, and distilled water. The initial reagents and cubooctahedral diamond seed crystals were loaded into Pt capsules, which were sealed by arc welding. In each capsule, the mass of the graphite disk was 11.8 mg, and the total mass of solvent was 18 mg. To determine the effect of the medium composition on diamond crystallization more precisely, with each experiment, we used two capsules with different compositions located symmetrically with the high-pressure cell so that they would be subjected to the exact same P and t (see Fig. 5 ).
